Human immunodeficiency virus type 1 (HIV-1) has a complex life cycle that begins when the virus binds to a host cell, enters the cell, and, using the host cell's machinery, creates numerous copies of itself within the host cell (28) . In an attempt to combat this retroviral infection, several drugs and strategies targeting specific steps of the virus replicative cycle were developed. For instance, anti-CD4 antibodies in association with anti-gp120 antibodies were shown to block HIV-1 infection in human T cells (11) , whereas a potent suppression of HIV-1 replication in humans was observed with T-20, a peptide inhibitor of gp41-mediated virus entry (38) . In addition, various chemokines (e.g., RANTES, MIP-1␣, MIP-1␤, and SDF-1) were shown to block the interaction between the gp120/CD4 complex and either the CCR5 or CXCR4 coreceptor on the cell surface, inhibiting the process of viral entry (5, 7, 17, 21, 24, 45, 50, 54) .
Other strategies targeting Tat and the viral integrase were also developed in an attempt to fight HIV-1 (40, 51) . Interestingly, specific inhibitors of transcriptional factors (NF-B, NF-AT, and Sp1) were also proposed as effective ways to control HIV-1 replication (4, 23, 32, 66) . The current therapy against this retroviral infection, better known as highly active antiretroviral therapy, consists usually in the association of two reverse transcriptase inhibitors (e.g., zidovudine and lamivudine) and a protease inhibitor that blocks the maturation process (43, 55, 73, 74) . These potent drugs, however, show strong adverse effects, and their long-term efficiency is severely hampered by the emergence of resistant viruses. Although major advances occurred in the last decade in the management of HIV-1 infection, both less toxic and more effective anti-HIV-1 therapeutics are still needed.
Rapamycin (Rapamune, Sirolimus) is a macrolide exhibiting potent antitumor and immunosuppressive activities (1, 46) . This agent has been shown to inhibit T-cell proliferation induced by various stimuli, including, among others, antigen, alloantigen, mitogenic lectins, phorbol ester, and cross-linking of T-cell surface markers with monoclonal antibodies (e.g., CD28) (25, (35) (36) (37) . The action of rapamycin occurs upon its binding to some specific intracellular proteins called immunophilins. These proteins are divided into two major families: cyclophilins, which bind to cyclosporin A, and FK506-binding proteins (FKBPs), which can interact with both FK506 and rapamycin. Among the FK506-binding proteins, FKBP12 was shown to bind rapamycin, leading to inhibition of FRAP (FK506-binding protein/rapamycin-associated protein, also called mTOR for mammalian target of rapamycin) activity by forming a trimeric complex (FKBP12/rapamycin/FRAP) (16) .
FRAP plays an important role in cell physiology by controlling the phosphorylation of both p70 s6k and eIF4 E repressor (4E-BP1) (10, 72) . Activated p70 s6k induces the translation of the 5Ј-polypyrimidine tract mRNA family. The phosphorylation of 4E-BP1 by FRAP abolishes 4E-BP1 suppressive activity on eIF4 E , leading to induction of eIF4 E -dependent mRNA translation (72) . The binding of FRAP to the rapamycin/ FKBP12 complex will thus inhibit the translation of mRNAs bearing polypyrimidine tracts at their 5Ј termini (34, 44, 48, 70) . Included among these 5Ј-polypyrimidine-containing mRNAs are transcripts encoding ribosomal proteins and elongation factors, i.e., components of the protein synthesis machinery itself. Moreover, polypyrimidine motifs are found in some human viruses, such as the human T-cell leukemia virus type I 5Ј long terminal repeat (59) . Interestingly, a polypyrimidine tract is present in the tat exon 2 of HIV-1 (64) .
Given that a characteristic of the affected mRNAs is the presence of such a polypyrimidine motif, we investigated whether rapamycin could affect HIV-1 replication. We demonstrate here that treatment of established leukemic T-cell lines and primary human cells with rapamycin results in a significant decrease in HIV-1 production. Further experiments indicate that this phenomenon is not due to an effect on the early steps of HIV-1 biology. Reporter gene assays and Northern blot analyses suggest that HIV-1 long terminal repeat-mediated transcriptional activity is targeted by rapamycin. These results suggest that rapamycin acts as an inhibitor of HIV-1 replication in human T cells due to its action on virus-mediated transcriptional activity.
(This work was performed by J.R. and J.-S.P. in partial fulfillment of the Ph.D. degree at the Faculty of Graduate Studies, Department of Medical Biology, Faculty of Medicine, Laval University.)
MATERIALS AND METHODS
Reagents. Rapamycin was purchased from Calbiochem, while FK506 and zidovudine were obtained from Sigma (St. Louis, Mo.). Trizol was purchased from Life Technologies, Inc. (Grand Island, N.Y.). Recombinant human interleukin-2 (rhIL-2) was kindly supplied by Maurice Gately, Hoffman-La Roche Inc., through the AIDS Research and Reference Reagent Program (Division of AIDS, National Institute of Allergy and Infectious Diseases, Rockville, Md.) (41) . Cell viability was monitored by performing the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] assay as described previously (12) . Detection of ␤-galactosidase activity was achieved with the Galacto-Light commercial kit according to the manufacturer's protocol (Applied Biosystems, Bedford, Miss.).
Cells and culture conditions. The human IL-2-dependent T-lymphoblastoid cell line WE17/10 (75) was provided by the AIDS Repository Reagent Program and was maintained in complete culture medium made of RPMI 1640 supplemented with 20% fetal bovine serum (HyClone Laboratories, Logan, Utah), glutamine (2 mM), penicillin G (100 U/ml), and streptomycin (100 g/ml), in the presence of rhIL-2 (50 U/ml).
CHCD4 is an established CD4 ϩ T-cell clone that was immortalized with Herpesvirus saimiri (60) . These cells were kindly provided by Kunal Saha (Molecular Virology Laboratory, New York, N.Y.). Peripheral blood lymphocytes (PBLs) from healthy donors were isolated by Ficoll-Hypaque density gradient centrifugation and cultured for 48 h at 37°C in complete culture medium containing phytohemagglutinin protein (Sigma) (3 g/ml) and rhIL-2 (30 U/ml) prior to viral infection. Human T helper cells (CD4 ϩ ) were negatively isolated from fresh PBLs with the CD4 ϩ -T-cell-negative purification kit according to the manufacturer's instructions (Miltenyi Biotec). Briefly, we used an antibody mixture and a magnetic colloid that depletes the cell population of every cell type except CD4 ϩ T lymphocytes upon application to a magnetically charged column. The human embryonic kidney cell line 293T, expressing the simian virus 40 large T antigen (52), was maintained in Dulbecco's modified Eagle's medium (Gibco-BRL, Burlington, Ontario, Canada) supplemented with 10% fetal bovine serum, glutamine (2 mM), penicillin G (100 U/ml), and streptomycin (100 mg/ ml). 293T cells were kindly provided by Warner C. Greene (J. Gladstone Institutes, San Francisco, Calif.).
Plasmids. pNL4-3 is a full-length infectious molecular clone of HIV-1 (2), and pCEP4-Tat is a vector that contains the HIV-1 SF2 tat gene ligated to the pCEP4 cytomegalovirus-based expression vector (14) . Both molecular constructs were provided by the AIDS Repository Reagent Program. The proviral plasmid pHXB-Luc is a molecular clone of HIV-1 (T-tropic) and was originally derived from pHXB-2D, from which a part of the nef gene was deleted and replaced with the reporter luciferase gene (15) . This molecular clone of HIV-1 was kindly supplied by David Baltimore (Massachusetts Institute of Technology, Cambridge, Mass.). pNL4-3-Luc-E Ϫ R ϩ and pcDNA-I/Amp-based expression vectors encoding HIV-1 ADA (R5), JR-FL (R5), BaL (R5), and amphotropic murine leukemia virus full-length envelope proteins were generously provided by Nathaniel R. Landau (The Salk Institute for Biological Studies, La Jolla, Calif.) (24) .
pHCMV-G, expressing the broad-host-range vesicular stomatitis virus envelope glycoprotein G under the control of the human cytomegalovirus promoter, has been described previously (76) . The pLTRX-LUC plasmid contains a 722-bp fragment (Ϫ644 to ϩ78) from HIV-1 LAI placed in front of the luciferase reporter gene (61) and was kindly given by Olivier Schwartz (Unité d'Oncologie Virale, Institut Pasteur, Paris, France). The ␤-galactosidase expression vector pRc/actin LacZ was provided by Michael Karin (University of California, San Diego).
Nucleofection. WE17/10 and primary CD4 ϩ T lymphocytes were nucleofected with the Nucleofector technology according to the manufacturer's instructions (Amaxa Biosystems). Briefly, WE17/10 and unstimulated primary CD4 ϩ T cells (4 ϫ 10 6 cells) were harvested, washed once with phosphate-buffered saline, and then resuspended in the human T-cell Nucleofector solution with the indicated plasmids. The cell-DNA mixture was then put into a cuvette, inserted in the Nucleofector, and nucleofected.
Production of virus stocks. Fully infectious viral entities (NL4-3 backbone) and luciferase-encoding reporter viruses were generated by calcium phosphate cotransfection in 293T cells as described previously (26) . Virus-containing supernatants were harvested 40 h posttransfection and frozen at Ϫ85°C until used. Virus preparations were quantified with an in-house sensitive double-antibody sandwich enzyme-linked immunosorbent assay (ELISA) specific for the major core viral p24 protein (8) .
Virus infection. Cells were either left untreated or treated with rapamycin (1.1 nM) for 30 min at 37°C before virus infection (see Fig. 1, 3 , 4, and 6). Cells were washed once with phosphate-buffered saline, resuspended in complete culture medium (10 6 cells/ml) containing 20% fetal bovine serum supplemented with rhIL-2 (30 U/ml for PBLs and 50 U/ml for WE17/10), and transferred to 96-well flat-bottomed tissue culture plates (10 5 cells/well) (Microtest III; Falcon, Becton Dickinson, Lincoln Park, N.J.). Cells were then infected with HIV-1 (10 ng of p24) in the absence or presence or rapamycin (1.1 nM) and kept in culture for 72 h at 37°C. Cells were then lysed, and luciferase activity was monitored with a microplate luminometer as described previously (MLX apparatus from Dynex Technologies, Chantilly, Va.) (13, 26) .
In Fig. 2 , WE17/10 cells were infected with NL4-3 and left untreated or treated once with rapamycin (1.1 nM). Cells were then left in culture at 37°C, the cell-free supernatants were collected at different time points (3, 6 , and 8 days), and virus production was determined with a p24 enzymatic assay. The cells were fed with rhIL-2 (50 U/ml) every 3 days. In Fig. 5 , WE17/10 cells were initially infected with HXB-Luc viruses and then either left untreated or treated with rapamycin at different time points postinfection (2, 4, 6, 8, 12, 24 , and 48 h). Such cells were kept in culture for 72 h at 37°C before monitoring luciferase activity. In Fig. 7A , WE17/10 cells were first left uninfected or infected with NL4-3 for 72 h to allow a productive infection. Both uninfected and infected cells were then either left untreated or treated with rapamycin for 3 days prior to extraction of total RNA.
Northern blot analysis. Total RNA was extracted by the Trizol method (18, 19) from WE17/10 cells. Ten micrograms of total RNA was separated on a formaldehyde-agarose gel (1% agarose, 1ϫ formaldehyde gel buffer morpholinopropanesulfonic acid [MOPS, pH 7.0], 8.3 mM sodium acetate, 1.27 mM EDTA, and 2.2 M formaldehyde). RNA was transferred to Hybond-N nylon membranes (Amersham) by capillary action with 10ϫ SSC (pH 7.0; 1.5 M NaCl, 0.15 M sodium citrate). RNA was fixed to the membrane by UV exposure and hybridized with a radiolabeled probe for NL4-3 at 42°C in 50% formamide-5ϫ SSC-5ϫ Denhardt's solution-0.5% sodium dodecyl sulfate (SDS)-300 g of denatured fragmented salmon sperm DNA per ml. Probes were radiolabeled with the T7 QuickPrime kit (Pharmacia Biotech). Blots were washed three times (15 min each) in 2ϫ SSC-0.1% SDS at 42°C and three times (15 min each) in 0.1ϫ SSC-0.1% SDS at 42°C and then autoradiographed at Ϫ70°C. Laser densitometry was performed with an Alpha Imager 2000 digital imaging and analysis system (Alpha Innotech Corporation, San Leandro, Calif.).
Quantification of viral RNA and virion production. WE17/10 cells (10 7 cells in 1-ml total) were infected with NL4-3 (100 ng of p24) for 6 days in RPMI medium supplemented with rhIL-2 (50 U/ml). Culture medium was removed after 3 days and replaced by fresh medium. At day 6 postinfection, cells were transferred in two 25-cm 2 culture flasks (10 ϫ 10 6 cells per flask) and treated with zidovudine (1 M) for 1 h at 37°C to inhibit reinfection events. Cells were then either left 3448 ROY ET AL. ANTIMICROB. AGENTS CHEMOTHER.
untreated or treated with 1.1 nM rapamycin for 3 days. Cell-free supernatants (100-l aliquots) and cells (5 ϫ 10 6 ) were collected for p24 detection and Northern blot analysis, respectively. Uninfected WE17/10 cells were used as a negative control. Quantitative detection of the main viral core p24 protein was achieved with a p24 assay.
RESULTS
Rapamycin diminished HIV-1 long terminal repeat-driven transcriptional activity in human T lymphoid cells. The previous demonstration of a polypyrimidine motif in the tat exon 2 (64) prompted us to investigate whether the immunosuppressive drug rapamycin can modulate replication of HIV-1. To this end, the IL-2-dependent CD4/CXCR4-expressing WE17/10 cell line was either left untreated or treated for 30 min with increasing concentrations of rapamycin ranging from 0.0011 to 110 nM. Cells were then infected with recombinant luciferase reporter T-tropic (X4) HIV-1 particles (HXB-Luc) for 72 h in the absence or presence of the indicated rapamycin concentrations. The use of single-cycle reporter viruses enabled us to quantitatively monitor the process of virus infection simply by measuring luciferase activity. As depicted in Fig. 1A , a noticeable decrease in virus-encoded luciferase activity was observed with as little as 0.11 nM rapamycin, whereas maximal inhibition was reached at a concentration of 1.1 nM. Subsequent experiments were thus carried out with rapamycin at a dose of 1.1 nM. Cell viability was not affected by the experimental conditions employed, i.e., exposure of cells to rapamycin for 72 h (data not shown).
We next tested the established T-cell line CHCD4, which expresses both CXCR4 and CCR5 chemokine coreceptors and is thus susceptible to infection with both T-tropic and M-tropic isolates of HIV-1. Cells were either left untreated or treated with rapamycin for 30 min prior to inoculation with reporter viruses pseudotyped with M-tropic envelope protein from BaL, Ada-M, and JR-FL and then kept in culture for 72 in the absence or presence of rapamycin. A decrease in HIV-1 long terminal repeat luciferase activity was still mediated by rapamycin in CHCD4 cells following infection with viruses bearing an R5 phenotype (Fig. 1B) . These results suggested that the effect of rapamycin was not cell type specific and was not influenced by virus tropism (i.e., T-tropic or M-tropic).
Virus production is also inhibited by rapamycin treatment. Our previous results demonstrate that the transcriptional activity of HIV-1 is downregulated by rapamycin. Next, we assessed whether replication of fully competent viruses could also be negatively affected by rapamycin. WE17/10 cells were infected with NL4-3 for 6 days without rapamycin to allow the establishment of a productive infection. Thereafter, cells were treated with zidovudine for 1 h to prevent any reinfection events and then either left untreated or treated with rapamycin for the remaining incubation period (8 days). Treatment of the cells with rapamycin resulted in a significant decrease in virus production at all time points tested following treatment (Fig.  2) . Indeed, virus production, as monitored by p24 levels in culture supernatants, was reduced by 68%, 64%, and 60% when tested at days 3, 6, and 8 posttreatment, respectively.
Rapamycin affects basal HIV-1 long terminal repeat expression but not transactivation by Tat and constitutive ␤-actin promoter. Our results obtained from the experiment with fully infectious viruses showed that rapamycin significantly downregulates HIV-1 production in CD4-expressing T cells. To assess if this effect could be dependent on transactivation of the HIV-1 long terminal repeat by Tat protein, we transiently transfected freshly purified primary CD4 ϩ T cells with pLTRX-Luc alone or in combination with pCEP4-Tat, a Tat-encoding vector. These transfections were done with the Nucleofector technology, which consists of a specific electrical field that transiently alters cell membranes so that DNA is transported directly into the cell's nucleus. Cells were next either left untreated or treated for 24 h with a phorbol myristate acetate/ionophore combination as a positive control (20 1 nM) . We first observed that basal long terminal repeat expression was downregulated by 32% following rapamycin treatment (Fig. 3, 18 .2 versus 12.4 relative light units [RLU]). As expected, cotransfection of a Tat-encoding vector led to a significant enhancement in long terminal repeat activity. The Tat-dependent induction of HIV-1 long terminal repeat-driven reporter gene activity was less affected by treatment with rapamycin than basal long terminal repeat activity (14% decrease, 431.8 versus 370.3 RLU).
In an attempt to evaluate if the observed effect of rapamycin on HIV-1 replication could be the reflection of cell events rather than a specific effect on HIV-1, we transfected WE17/10 cells with a ␤-galactosidase vector driven by the constitutive ␤-actin promoter (pRc/actin LacZ), and cells were next either left untreated or treated for 72 h with rapamycin (1.1 nM). No significant downregulation of ␤-galactosidase activity was observed following treatment of WE17/10 cells with rapamycin (data not shown).
Rapamycin acts via the FK506-binding protein family. It is well documented that the effect of rapamycin is mediated through FRAP upon its binding to FKBP12.
In an attempt to demonstrate that the observed inhibition of HIV-1 replication by rapamycin is specific to its binding to FKBP12, the immunosuppressant drug FK506, which was also shown to bind to FKBP12, was used to compete the binding of rapamycin to FKBP12.
WE17/10 cells were initially either left untreated or treated with rapamycin or FK506 alone or with both agents for 30 min prior to infection. Cells were then infected with HXB-Luc and kept in culture in the absence or presence of rapamycin, FK506, or both agents for 72 h. Again, a significant diminution (about 80%) of reporter gene activity was seen following treatment of cells with rapamycin, and FK506 alone had no effect on HIV-1 long terminal repeat-driven luciferase activity (Fig.  4A) . Such rapamycin-dependent diminution of HIV-1 reporter gene expression was totally abolished when FK506 was used in combination with rapamycin. These results suggest that the inhibitory effect of rapamycin on HIV-1 replication was linked to its capacity to bind to FKBP12.
The physiological significance of our findings was tested with freshly isolated primary human cells as targets and reporter viruses pseudotyped with T-tropic and M-tropic envelope proteins. PBLs from three healthy volunteers were initially either left untreated or treated with rapamycin, FK506, or the combination of rapamycin and FK506 for 30 min prior to infection with similar amounts of T-tropic and M-tropic HIV-1 pseudotypes. Cells were then kept in culture for 72 h in the presence or absence of rapamycin, FK506, or both agents. Again, rapamycin was found to decrease HIV-1 long terminal repeat-dependent reporter gene activity at various levels depending on the donor tested. Figure 4B presents data from a single donor that are representative of the two other donors tested. It is of interest that replication of both T-tropic and M-tropic HIV-1 pseudotypes was similarly affected by rapamycin treatment. This series of experiments indicated that the observed inhibitory effect of rapamycin on HIV-1 replication is not an epiphenomenon, since similar findings were made in primary human cells from different donors and were not influenced by the tropism of the virus.
Downstream event in HIV-1 replicative cycle is likely target
Rapamycin abolishes production of fully infectious HIV-1 particles. WE17/10 (10 6 cells) were infected with fully competent NL4-3 viruses (10 ng of p24), and 6 days later, cells were either left untreated or treated with rapamycin (1.1 nM). Cells were replenished with rhIL-2 every 2 to 3 days. Cell-free supernatants were collected at different time points following infection with HIV-1, and virus production was evaluated with a p24 enzymatic assay. Results shown are the means Ϯ standard deviation of triplicate samples and are representative of at least three independent experiments.
FIG. 3. Rapamycin inhibits basal HIV-1 long terminal repeat activity and minimally affects Tat-mediated long terminal repeat transactivation. Freshly isolated primary human CD4
ϩ T lymphocytes (10 5 ) were transiently transfected with pLTRX-Luc or cotransfected with pLTRX-Luc and pCEP4-Tat. Cells were then either left untreated or treated with phorbol myristate acetate/ionophore (PMA/iono, 20 ng/ml and 1 M, respectively) or rapamycin (RAPA, 1.1 nM). Cells were incubated at 37°C for 24 h and then lysed for monitoring luciferase activity. Results shown are the means Ϯ standard deviation of quadruplicate samples and are representative of at least three independent experiments.
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of rapamycin. In an attempt to shed light on the mechanism through which rapamycin negatively affects the biology of HIV-1, kinetic studies of virus infection were performed to determine the optimal incubation period to achieve maximal inhibition of HIV-1 infection. To this end, WE17/10 cells were again infected with T-tropic luciferase reporter viruses and then either left untreated or treated with rapamycin (1.1 nM) at different time points following virus infection (0, 2, 4, 6, 8, 12, 24, and 48 h). Cells were kept in culture for 72 h prior to monitoring luciferase activity. Our results showed that HIV-1 long terminal repeat-dependent reporter gene expression was reduced by close to 90% when rapamycin was added 2, 4, and 6 h following inoculation of WE17/10 cells with HXB-Luc particles (Fig. 5) . A significant decrease in virus-encoded gene expression (i.e., 50%) was still observed when rapamycin was added as late as 48 h after virus infection. This series of experiments suggested that the mechanism of action of rapamycin is not directed toward the initial steps in the HIV-1 life cycle (i.e., attachment and entry).
To further substantiate the notion that rapamycin is not modulating the initial steps of HIV-1 replication, CHCD4 and WE17/10 cells were infected with pseudotypes bearing heterologous Env glycoproteins. Luciferase-encoding HIV-1 particles were pseudotyped with vesicular stomatitis virus envelope glycoprotein G and amphotropic murine leukemia virus Env to produce viral entities that could enter target cells independently of CD4 and chemokine coreceptors. Previous works have indicated that vesicular stomatitis virus envelope glycoprotein G-pseudotyped viruses penetrate the cell by endocytosis (42) , whereas virions pseudotyped with amphotropic murine leukemia virus Env enter the cell upon an interaction with Pit2, a sodium-dependent phosphate symporter (67) . Rapamycin was found to efficiently diminish infection of CHCD4 cells with the two pseudotyped viruses (Fig. 6 ). Similar observations were made when WE17/10 cells were used as target cells (data not shown). Altogether, the results from these experiments support the idea that rapamycin has no effect on the process of virus attachment or entry but is rather targeting a subsequent step(s) in the HIV-1 life cycle, i.e., reverse transcription, integration, and/or provirus transcription.
Downregulation of HIV-1 expression by rapamycin is due to an effect at the transcriptional level. Northern blot analysis was next performed with a DNA probe which detects three specific viral RNA species, the full-length unspliced 9.2-kb mRNA, the intermediate 4. rapamycin for an additional 3 days. Total virus-encoding RNA was finally analyzed with a radiolabeled probe specific for NL4-3. As shown in Fig. 7 , the level of viral RNAs was diminished by rapamycin treatment. The 9.2-and 4.3-kb mRNAs were quantified with an Alpha Imager 2000 digital imaging and analysis system. The arbitrary units obtained showed that both the 9.2-kb and 4.3-kb mRNA signals were diminished by rapamycin (73,625 versus 38,000 for the 9.2-kb mRNA and 35,625 versus 28,625 for the 4.3-kb mRNA). Normalization of our data to the 28S rRNA indicated that the 9.2-kb mRNAs were reduced by 47.9%, whereas the 4.3-kb mRNAs were diminished by 18.9% upon treatment with rapamycin ( Table 1 ). The rRNA was not affected by rapamycin treatment, suggesting a certain specificity of the mechanism of action of this immunosuppressive agent.
DISCUSSION
The immunosuppressive drugs rapamycin and FK506 interfere with signal transduction pathways required for T-cell activation and growth and are currently used to prevent graft rejection in humans. Although both rapamycin and FK506 bind to the same intracellular receptor, FKBP12, they have distinct mechanisms of action. The FK506/FKBP12 complex binds to and inhibits calcineurin, a Ca 2ϩ -dependent serinethreonine phosphatase known to be a critical component of the T-cell receptor-linked signal transduction pathway leading to cytokine gene transcription (20, 49) , whereas the rapamycin/ FKBP12 complex associates with a recently defined target protein termed FRAP (3, 47) . In addition, it was demonstrated that rapamycin selectively represses translation of a subset of mRNAs bearing a 5Ј-polypyrimidine motif that include, among others, those encoding ribosomal proteins and elongation factors. This observation, coupled with the presence of a suboptimal 5Ј-polypyrimidine tracts that is required for viral tat mRNA production (33, (62) (63) (64) 68) , led us to test the ability of rapamycin to modulate replication of HIV-1.
Our results first demonstrated that rapamycin was effective at inhibiting infection of human T lymphoid cells with luciferase reporter viruses. To the best of our knowledge, this is the first demonstration that rapamycin can affect the biology of HIV-1. Similar observations made in primary human cells, i.e., PBLs, confirm the consistency of this phenomenon and provide a physiological significance for such findings. Several avenues of investigation were explored to identify the mechanism(s) responsible for the rapamycin-mediated abrogation of HIV-1 promoter activity. We initially defined that diminution of expression of virus-mediated reporter gene occurs through the FKBP12 pathway, since the presence of FK506, which also binds FKBP12, completely abolished the inhibitory effect of rapamycin. Data from a time course experiment revealed that rapamycin added as late as 48 h after infection interfered with virus-dependent reporter gene activity, suggesting that rapamycin is not affecting the process of HIV-1 attachment and entry. This postulate was confirmed by experiments with amphotropic murine leukemia virus-and vesicular stomatitis virus envelope glycoprotein G-pseudotyped HIV-1 particles. Finally, Northern blot analysis suggested that rapamycin is most likely acting at the transcriptional level, since viral RNA was diminished upon treatment of human T lymphoid cells with rapamycin. However, it cannot be excluded that the stability of viral RNA could also be affected by rapamycin, as it has been reported for IL-2 and granulocyte-macrophage colony-stimulating factor mRNAs (30, 78) . Pulse-chase experiments will be required to assess this possibility. Further experiments will also be necessary to rule out any effect of rapamycin on either reverse transcription or integration of viral cDNA into the host cell genome. The involvement of Tat in the observed rapamycin-dependent inhibitory effect on HIV-1 replication was evaluated because of previous studies showing that the primary transcript of Tat bears a polypyrimidine motif (33, (62) (63) (64) 68) . In addition to Tat, other proteins are known to be necessary to achieve efficient transcriptional activation of HIV-1 (e.g., cyclin T1 and CDK9) (reviewed in references 58 and 69). Thus, proteins with which Tat associates within the Tat-binding region of the long terminal repeat represent additional targets for rapamycin that could indirectly affect HIV-1 transcription. Surprisingly, transfection experiments suggested that Tat and its associated cellular proteins are less affected by rapamycin than basal HIV-1 long terminal repeat-dependent activity. Additional studies are needed to clarify the precise mechanism(s) through which rapamycin exerts its inhibitory effect on HIV-1.
Our results do not allow us to completely eliminate the possibility that rapamycin-mediated diminution of HIV-1 replication is due to a nonspecific effect on the cellular transcriptional machinery. A recent work by Grolleau and colleagues showed that many mRNAs are repressed in rapamycin-treated T cells (29) . For instance, ␤-actin mRNAs were abolished by rapamycin in addition to many growth control genes, suggesting that our results could be partly the consequence of nonspecific cellular events. However, it should be stressed that the present work is in sharp contrast with such findings, since we found that ␤-actin was not affected by rapamycin. Such a discrepancy can be related to differences in the experimental settings, e.g., the cell line tested (WE17/10 in the present study versus Jurkat in Grolleau's study) and the doses of rapamycin used (20-fold more in Grolleau's work).
Host-derived human cyclophilins A (CypA) and B bind specifically to the HIV-1 Gag polyprotein p55 gag in vitro (9) . The Gag-CypA interaction has been shown to be essential for the life cycle of HIV-1 (27) , and virus infectivity is finely tuned by CypA expression level (77) . Interestingly, the association of CypA with HIV-1 particles is inhibited by the immunosuppressive agent cyclosporin A (71) . In addition to having a direct effect on HIV-1 Gag by affecting the maturation process of HIV-1 (65), cyclosporin A was shown to selectively inhibit HIV-1 replication but not HIV-2 or simian immunodeficiency virus (6, 71) . More relevant to the present study, rapamycin was found to repress CypA (29) . It can thus be proposed that HIV-1 maturation and infectivity can be negatively affected by rapamycin treatment through a modulatory effect on CypA expression.
Data from in vitro experimental studies demonstrate that rapamycin is not toxic for T cells even at a concentration of 110 nM (39) . Rapamycin was reported to arrest the growth of murine IL-2-dependent CTLL-2 cells near the G 1 /S-phase boundary when used at a concentration as low as 1 nM (47) . Results from clinical studies indicate that rapamycin is rapidly absorbed following its administration, with a mean time to peak concentration of approximately 1 h after a single dose in healthy human subjects and approximately 2 h after multiple oral doses in renal transplant recipients (http://www.fda.gov/ohrms/dockets /ac/02/briefing/3832b1_03_FDA-RapamuneLabel.htm).
The systemic availability of rapamycin was estimated to be approximately 14% after an oral administration of this compound. The means of maximal concentrations in renal transplant patients with multiple oral doses of 2 and 5 mg of rapamycin were 12.2 Ϯ 6.8 and 37.4 Ϯ 21 nM, respectively. In such FIG. 7 . HIV-1 transcription is repressed by rapamycin. WE17/10 cells (10 7 ) were either left uninfected or infected with whole complete NL4-3 (100 ng of p24) for 6 days. Both infected and uninfected cells were then either left untreated or treated with rapamycin (1.1 nM) for 3 days. Northern blot analysis was next performed on total RNA with an NL4-3 radiolabeled probe. Sizes are shown on the right (in kilobases). The therapeutic trough levels with a full dose of cyclosporin A are 9.8 and 18.6 nM following a daily administration of rapamycin of 2 and 5 mg, respectively. In healthy human subjects, the mean maximal concentration is 85.6 Ϯ20.0 nM following a single 15-mg oral dose of rapamycin. Our observation indicating that HIV-1 replication is inhibited by 1 nM rapamycin reveals some physiological significance when considering such previous in vitro and in vivo studies. It should be added that in vivo studies also reported that rapamycin acts as a substrate for both the cytochrome P450 IIIA4 enzyme system and P-glycoprotein. Consequently, it is not surprising to find that several drug-drug interactions occur in patients undergoing rapamycin therapy. For example, diltiazem, verapamil, and erythromycin were shown to increase rapamycin levels, while carbamazepine, phenobarbital, and phenytoin were shown to diminish serum levels of rapamycin. Potential interactions with drugs currently in use for the treatment of HIV-1-infected individuals are also possible, considering that protease inhibitors are primarily metabolized by the cytochrome P450 IIIA4 enzyme system. In summary, our findings indicate that rapamycin can potently inhibit HIV-1 replication in both human T lymphoid (i.e., WE17/10 and CHCD4) and primary mononuclear cells (i.e., PBLs). Although such an inhibition is not as potent as the one observed with highly active antiretroviral therapy, such an immune-based therapeutic intervention may represent a valuable complement to highly active antiretroviral therapy for treating HIV-1 infection. A recent study in which cyclosporin A was used in combination with highly active antiretroviral therapy demonstrated that a rapid shutdown of T-cell activation in the early phases of primary HIV-1 infection could have long-term beneficial effects and establish a more favorable immunologic set point that affects the ultimate pattern and rate of disease progression (56) . Results from other studies with the immunosuppressive agent mycophenolate also suggested that immune-based therapeutic interventions could be an interesting avenue for the treatment of HIV-1 infection (22, 31, 53, 57) .
Further studies are required to define the utility of using rapamycin in combination with current highly active antiretroviral therapy. A detailed understanding of the rapamycin-mediated signaling pathway is warranted to identify the various intracellular components playing a role in the anti-HIV-1 properties of this potent immunosuppressive drug.
